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ABSTRACT 

Back contact improvement is one of the most crucial issues for the realization of 

highly efficient n-CdS/p-CdTe solar cells. Conventional methods for making a 

sufficiently ohmic contact to p-CdTe usually involve a solution etching process and a Cu 

doping process, which are known to negatively affect the device reliability. 

To resolve this problem, a low-resistance back contact for n-CdS/p-CdTe solar 

cells has been developed, which utilizes a vapor-deposited transition metal oxide (TMO) 

thin film as the back contact buffer layer between p-CdTe and the back electrode. The 

usefulness of TMO is attributed to its unusually high work function which is needed to 

match that of p-type CdTe in producing a contact of low resistance.  As one major 

representative of TMO materials, molybdenum oxide (MoOx) has been investigated as a 

novel buffer in this thesis. 

First, the processes for making low resistance contact with MoOx buffer are 

explored. To achieve a good ohmic contact to p-CdTe, a water rinse step is necessary in 

order to remove surface residues from the CdTe surface prior to MoOx deposition. In 

addition, different methods for depositing MoOx films have been examined, including 

thermal evaporation and DC sputtering methods. With MoOx as the high work function 

buffer, various metals can be used as the electrode to realize an ohmic back contact to p-

CdTe. Other advantages of the MoOx buffer include dry application by vacuum 

deposition, and thus it is particularly suitable for the fabrication of ultra-thin CdTe solar 

cells without introducing additional shorting defects.   
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Second, the mechanism by which MoOx improves the performance of the back 

contact is studied through the investigation of Ni/CdTe and Ni/MoOx/CdTe interfaces 

with x-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy 

(UPS). Contrasting differences in the interface formation and core level structure were 

observed, indicating that the presence of a thin MoOx inter-layer was effective in 

reducing the unfavorable reaction between Ni and the native tellurium oxide at the CdTe 

surface. 

Finally, the stability of CdTe cells with MoOx buffer is studied. MoOx is found to 

effectively stabilize the device performance, especially the open-circuit voltage (Voc) of 

the CdTe solar cell during thermal stress tests. The cell with a Ni-only electrode rapidly 

degrades due to Ni diffusing into the CdTe film and Ni abstracting Te from CdTe. With 

the addition of a layer of MoOx as the buffer layer, the diffusion of Ni and the reaction 

between Ni and CdTe are alleviated, resulting in significantly improved device stability.  

To summarize, an efficient and stable back contact has been developed through 

the application of a high work function MoOx as the buffer for p-CdTe.  As a result, n-

CdS/p-CdTe solar cells with improved efficiency and stability have been realized. 
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CHAPTER 1 

BACKGROUND AND RESEARCH OBJECTIVES 

 

1.1. Solar Cells 

Solar cells, or photovoltaic devices, absorb sunlight and convert it into electricity. 

They are important inventions for producing renewable energy. The first p-n junction 

solar cell was made with crystalline silicon in 1954 [1], and to date, silicon remains the 

dominant material to produce highly efficient solar cells. The power conversion 

efficiency of c-Si solar cells has been increased from 6% to 25% [2], which is close to 

the theoretical limitation for a single junction solar cell [3]. Although high power 

conversion efficiency has been achieved, the silicon solar cell has a critical limitation - 

the cost. The high cost of silicon solar cells originating from the need for high pure 

silicon and the complex fabrication process makes it difficult to use silicon as a key 

material to produce solar modules.  To date, the hope to realize grid parity with 

photovoltaic technology has been focused on reducing the manufacturing cost of silicon 

solar cells, or replacing silicon with other low-cost photovoltaic technologies. 

1.2. Polycrystalline CdS/CdTe Solar Cells 

In the past several decades, a new generation of thin film solar cells has been 

widely investigated because of their desirable properties such as a direct bandgap, a 
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higher light absorption coefficient, a thinner film and a simpler deposition process 

compared to single-crystal silicon solar cells. Thin film materials typically include 

cadmium telluride (CdTe), copper-indium-gallium-selenide (CIGS) and amorphous 

silicon (a-Si). Polycrystalline CdTe with an optimal bandgap of 1.45 eV which can be 

deposited via the closed space sublimation (CSS) method has been regarded as one of the 

most attractive alternatives to traditional silicon solar cells for years [4]. Figure 1.1 

shows the structure of a typical CdTe solar cell. It includes a glass substrate, a front 

contact consisting of a transparent conductive oxide (TCO) layer and a high-resistive 

buffer layer, an n-type CdS window layer with a direct bandgap of 2.42 eV, a p-type 

CdTe absorber layer, and a back contact consisting of a buffer layer and a metal 

electrode. 

 

Figure 1.1. Layered structure of n-CdS/p-CdTe solar cells. 

The photovoltaic mechanism of CdTe solar cells can be described as following. 

The incident sunlight first passes through the transparent glass substrate, the front contact 

and the window layer to reach the CdTe layer. Photons with the energy higher than 1.45 
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eV, the bandgap of CdTe, are absorbed by the CdTe layer. Upon absorbing a photon, an 

electron in the valence band of CdTe is excited to the conduction band and an electron-

hole pair is generated (Figure 1.2). Then the photogenerated electron-hole pairs are 

transported to the CdS/CdTe p-n heterojunction where charges are separated by the built-

in potential. After charge separation, electrons are transported to and collected by the 

front contact while holes are transported to and collected by the back contact. Finally the 

charges collected at the front and back contacts flow through an external load to 

complete the circuit.  

 

Figure 1.2. The band structure of n-CdS/p-CdTe solar cells. 

The energy conversion efficiency of a solar cell is calculated by the equation 

of                  , where Jsc, Voc, FF, and Pin are the short circuit current density, 

the open circuit voltage, the fill factor, and the incident solar power density, respectively. 

FF is calculated by the equation of                        , where Jmax and Vmax 

are the current density and the voltage, respectively, on a certain point of the current-
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voltage (J-V) characteristics (Figure 1.3) of a solar cell representing the maximum power 

generated by the photovoltaic cell for a given incident solar power density.  

 

Figure 1.3. Typical current density-voltage (J-V) characteristic of CdTe solar cells. 

So far, the highest efficiencies reported for CdTe solar cells are in the range of 

16.7%~17.3% ([5, 6]), which are substantially lower than that obtained from theoretical 

calculations, which is in the range of 27~30% [3, 7]. The low efficiency has been related 

to a low Voc (Voc/Eg≈0.6), which is due to two main reasons. The first reason is the 

insufficient p-type doping (~1014 cm-3) and a short recombination lifetime (~1 ns) in the 

CdTe film [8]. The second reason has been related to the non-ohmic back contact [8].  It 

has been proposed that the device efficiency for thin film CdTe solar cells can be 

improved by reducing the contact barrier along with increasing the p-type doping [8, 9]. 

In my thesis research, I have been focusing on exploring new methods to make low-

resistance, i.e. ohmic contact to p-CdTe.  



5 

 

1.2.1. Review of Back Contact Buffer Layers  

In semiconductor theory [10], there are two kinds of metal-to-semiconductor 

contacts when a layer of metal electrode is applied to the surface of semiconductor: 

ohmic contact and Schottky barrier contact. For p-type semiconductors, in particular the 

ionic semiconductors, an ohmic or barrier-free contact is realized if the work function of 

the applied metal is higher than that of the semiconductor. If the work function of the 

metal is lower than that of the semiconductor, a rectifying contact or Schottky barrier 

contact is produced, as shown in Figure 1.4. Besides applying a contacting metal with 

high work function, an ohmic contact can also be realized by highly doping the 

semiconductor with an extrinsic dopant to create a tunneling channel.  

 However, neither method can be easily implemented for p-CdTe. First, it is 

difficult to find a suitable metal with a sufficiently high work function to match p-CdTe 

which has a work function of 5.7 ~ 5.9 eV [11, 12]. The application of metals such as Au 

directly to p-CdTe usually results in the roll-over in the forward bias direction of the J-V 

characteristics, which indicates a high hole transport barrier at the CdTe/metal interface 

and seriously limits the cell efficiency [13]. Second, it is difficult to make highly doped 

p-CdTe because it is an intrinsic semiconductor and its carrier density is controlled by 

native defects [12]. As a result, it has been a long-standing technical difficulty to make a 

sufficiently ohmic contact to p-CdTe. 
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Figure 1.4. Energy diagrams for a p-type semiconductor/metal interface: (a) ohmic 

contact, and (b) Schottky barrier contact. 
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In the past three decades, various methods have been explored with the objective 

of achieving a low-resistance and stable ohmic contact to p-CdTe. Major achievements 

on these back contact studies have been summarized in Table 1.1. 
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Table 1.1. Summary of device structures and back contact formations of CdTe solar cells. 

# Principal 
investigator Device structure 

Back contact 
deposition 
method 

Device parameters 
Cell area 
(cm2) 

Jsc 
(mA/cm2) 

Voc 
(mV) 

FF 
(%) 

η 
(%) 

1 Tyan Soda lime glass/ITO/CdS/CdTe/ 
NP/Metals (Au, Ni) [14, 15] 

Thermal 
evaporation 0.1 17 750 62 10.5 

2 Ferekides Borosilicate glass/SnO2:F/CdS/ CdTe/ 
BM or NP/CuTex/Mo [16] RF sputtering ~0.63 23.77 838 74.95 14.9* 

3 Wu Borosilicate glass/Cd2SnO4/ZnSnOx/ 
NP/Graphite:CuxTe,HgTe/Ag [5] 

Doctor 
blading ~1 25.88 845 75.51 16.5 * 

4 Niles Borosilicate glass/SnO2:F/CdS/CdTe/ 
Te/Graphite: HgTe [17] 

Thermal 
evaporation/ 
Doctor 
balding 

    12.1 

5 Romeo Soda lime glass/In2O3:F/CdS/CdTe/ 
(BM)/Sb2Te3/Mo [18, 19] RF sputtering ~1 25.5 862 72 15.8 

6 Compaan Glass/SnO2:F/CdS/CdTe/ 
ZnTe/ZnTe:N/Ni [20] RF sputtering 0.18    10~11 

7 Gessert Soda lime glass/SnO2:F/CdS/ 
CdTe/ZnTe:Cu/Ti [21] 

RF/DC 
sputtering 0.25 17.3 826 76.6 10.9 * 

8 Compaan Aluminosilicate glass/ 
ZnO:Al/CdS/CdTe/Cu/Au [22, 23] 

Thermal 
evaporation 0.15 23.6 814 73.25 14.0 * 

 

NP: nitric-phosphoric acid etching; BM: bromine/methanol etching;   

*: calibrated by NREL. 
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1.2.2. Te-rich Buffer Layer 

One approach to achieve a stable ohmic contact to p-CdTe is to make a Te-rich 

buffer on top of the CdTe film. A common method is to etch the surface the CdTe film 

by an acid solution, typically mixture of nitric and phosphoric acid.  Known as NP 

treatment, it has its origin in the work of single-crystal CdTe [14]. Tyan et al. [14, 15] 

first applied it to polycrystalline CdTe films for producing a Te-rich CdTe surface as 

thick as 250 nm [24]. This process is represented in chemical reaction equations (1) and 

(2) [25], where CdTe dissolves in HNO3 and CdTe is reduced to elemental Te. H3PO4 is 

believed to serve as a buffer to slow down the etching rate [14]. 

                       
   
                                                        

                     
   
                                                  

Tyan et al. [14] also showed that various metals, including Ag, Ni, Cr, Cu, Sn, Al, 

Au, Ti, stainless steel and Ni alloy, can be used as the back contact electrode once the 

CdTe film has undergone NP treatment. This result suggested that the contact barrier 

between p-CdTe and the newly formed Te rich surface is small and that the contact 

between the Te-rich surface and the metal electrode is essentially ohmic. Indeed, a 

subsequent study showed that the energy barrier height at the CdTe/Te interface is only 

0.26 eV [26]. However, another report showed that this interface is not ohmic due to a 

large valence band offset of 0.5 eV between CdTe and the Te-rich layer [25].  
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NP treatment has several disadvantages which limit its application. First, it is not 

compatible with large-scale in-line fabrication [27]. The solution process will 

unavoidably interrupt the in-line vapor deposition process used for the deposition of 

semiconductor layers. In other words, it is inefficient to apply a solution etching process 

between two vacuum deposition processes, the deposition of CdTe thin films and the 

deposition of the metal electrode. Second, this solution treatment preferentially etches the 

grain boundaries in the CdTe film and may result in shunting paths or even device failure 

[24, 28], as illustrated in Figure. 1.5. In particular, this solution process is difficult to 

apply to an ultra-thin CdTe film that has a thickness of less than 2 μm, as it can 

excessively erode the CdTe layer. Alternatives to NP treatment have been explored. A 

dry contact physically similar to NP treatment has been made by evaporating a 100-nm 

tellurium film on CdTe layers. This method results in a device performance comparable 

to that obtained with the NP treatment [17].  

 

(a) 
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(b) 

Figure 1.5. Schematic illustration of NP etching on CdTe grain boundaries: (a) before 

etching; (b) after etching. 

1.2.3. CuxTe Buffer Layer 

The most important buffer layer is Cu-containing buffer layer. This buffer can be 

introduced to CdTe cells by various methods, such as evaporation of Cu/Au [29], paste 

coating of CuxTe/HgxTe doped graphite [30, 31], and sputtering of CuxTe [16]. Sputtered 

CuxTe deposition from Ferekides group will be discussed as follows. 

A layer of CuxTe was deposited on the NP-treated CdTe film by RF sputtering 

from a Cu2Te target at an elevated substrate temperature [16], followed by a contact 

annealing process. It was found that a stoichiometric Cu2Te film and the optimal device 

performance was obtained at a substrate temperature of 250 oC. Thickness variations of 

CuxTe buffer layers were applied to CdTe solar cells. The optimal thickness of CuxTe 
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was found to be around 5 nm. Thicker than 10 nm, Cu can diffuse into the CdTe film, 

resulting in serious device shunting indicated by a low Voc. Capacitance-voltage (C-V) 

measurement showed that the carrier density in CdTe films was about 1014 cm-3, almost 

independent of CuxTe thickness. The best efficiency achieved was η = 14.9%, with Voc = 

838 mV, JSC = 23.77 mA/cm2 and FF = 74.95%.  

The physics of the CdTe/CuxTe/metal interface has been studied. Farag et al.[32] 

regarded CuxTe as a direct bandgap material with Eg = 1.18 eV where x is 1.98. Spath et 

al. [9] found Eg = 1.04 eV for CuxTe and the barrier height at the CdTe/CuxTe interface 

to be 0.7 ~ 0.8 eV. Considering the high barrier value, Spath proposed a tunneling 

mechanism for charge transport through the CdTe/CuxTe/metal interface [9, 33].   

1.2.4. Sb2Te3 Buffer Layer 

Sb2Te3 with a low bandgap of 0.2 ~ 0.3 eV [9] was first introduced in CdTe solar 

cells as a back contact buffer layer by Romeo et al.[19, 34]. They optionally treated CdTe 

in a bromine-methanol solution. Afterwards a 100 nm Sb2Te3 was sputtered on CdTe at a 

substrate temperature of 300 oC, followed by depositing a layer of 200 nm Mo as the 

back electrode [34]. The best efficiency achieved was 15.8%, with Voc = 862mV, Jsc = 

25.5 mA/cm2 and FF = 72%, which was the highest for Cu-free back contact buffer 

layers [19]. It was believed that a higher substrate temperature during the deposition 

would improve the crystallinity of Sb2Te3 and the acceptor density. Corresponding 

stability tests at 80 oC with light soaking showed that Sb2Te3/Mo contact was stable, 

while Sb/Mo contact was not as good as Sb2Te3/Mo [35]. The physics of the 
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CdTe/Sb2Te3/metal interface is still unclear. A barrier height of 0.45 eV has been 

estimated by Fahrenbruch [9], for the CdTe/Sb2Te3 interface based on J-V 

characteristics.  

1.2.5. ZnTe Buffer Layer 

ZnTe has a large bandgap, 2.25 eV, and it can be easily doped with Cu or a 

group-V element such as N, P, As or Sb [12]. The CdTe/ZnTe interface has a very small 

valence band discontinuity of 0 ~ 0.1 eV [9] and is therefore theoretically barrier-free.  

Several groups have achieved high efficiencies by applying ZnTe buffer layers. 

Trefny et al. deposited a ZnTe:Cu buffer layer on CdTe films using a co-evaporation 

method, following a bromine-methanol solution treatment of CdTe [36, 37]. The best 

efficiency was 12.9% with Voc = 777.5 mV, Jsc = 22.38 mA/cm2 and FF = 74.04% when a 

Cu/ZnTe molar ratio of 4.3~6.3% was maintained in the deposited buffer layer. 

Gessert et al. applied RF sputtering method to deposit a ZnTe:Cu buffer layer [21, 

38]. They used ion-beam milling to etch CdTe for obtaining a Te-rich surface followed 

by depositing an intrinsic ZnTe layer and another layer of ZnTe doped with 6% Cu at a 

substrate temperature of 300 oC. With this method they achieved an efficiency as high as 

12.1% with Voc = 791 mV, Jsc = 21.51mA/cm2, and FF = 70.9%.  

Compaan et al. doped ZnTe with nitrogen [20, 39] by applying RF sputtering in 

an N2-containing ambient. The best formulation was found to be CdS/CdTe/ZnTe(~30 

nm)/ZnTe:N(~80 nm)/Ni with a post-annealing process. The efficiency was around 10% 
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[20, 39]. Reliability tests showed that the ZnTe:N contact was much more stable than the 

Cu/Au contact under continuous stress tests at 100 oC in dark condition for up to 3000 hr. 

The cell with a Cu/Au contact degraded from 10% to 4% in efficiency and showed 

serious roll-over in the forward bias direction in the J-V characteristics, while the other 

cell with a ZnTe:N contact degraded from 10% to 8% but didn’t show the roll-over.  

1.3. Review of Degradation Mechanisms of CdS/CdTe Solar Cells 

Among all the discussed back contact buffer layers, Cu-containing buffer layers 

have been most widely studied. Although high efficiencies have been realized in CdTe 

cells with a Cu-containing buffer layer, the cell stability has been a long-standing issue 

[40-42]. Several mechanisms for device degradation, especially the degradation related to 

Cu contacts, will be reviewed as follows. 

1.3.1. Stability of p-n Junction 

Before discussing the degradation of the Cu contact, it is necessary to investigate 

the intrinsic stability of the stacked layers other than the back contact, in particular the p-

n heterojunction. Hegedus et al. showed that it is the back contact, not the CdS/CdTe 

junction, that accounts for the device instability [43]. In one of their experiments, a 

CdS/CdTe film without a back contact was subjected to light soaking at 100 oC for 10 

days and then a Cu contact was made. It was found that all the performances were similar 

to a freshly prepared cell without light soaking stress test. In another experiment, a 

CdS/CdTe film was finished by depositing 6 nm Cu and then it was subjected to light 

soaking for 10 days. After the light soaking test, these cells were completed by the 
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regular back contact formation procedure including a fresh Cu contact. It was found that 

the cell having Cu deposition followed by light soaking showed obvious degradation 

compared to the freshly prepared cell. They concluded from these experiments that the 

CdS/CdTe p-n junction is intrinsically stable whereas Cu contact accounts for the device 

degradation.  

1.3.2. Diffusion of Cu via CdTe Grain Boundaries 

A well-known device degradation mechanism is the diffusion of Cu [40]. Cu can 

diffuse into the CdTe layer during the deposition process, the contact annealing process 

and the accelerated light soaking tests. It is generally accepted that Cu diffuses along the 

grain boundaries rather than through the bulk of polycrystalline CdTe films. This was 

verified in the following experiment. In this experiment [40], a Au/Cu contact was 

applied to three different CdTe films and then annealed at 150 oC for 90 min in Ar. The 

three CdTe films were single-crystal CdTe, polycrystalline CdTe with 2-μm grains, and 

polycrystalline CdTe with 10-μm grains. After thermal annealing, a Cu signal in the 

single crystalline CdTe was undetectable, and that in the CdTe film with larger grains 

was detectable but much lower than that in CdTe with smaller grains. This example 

clearly demonstrated that grain boundaries are the main conduits for Cu diffusion and 

large grain size is helpful for the reduction of Cu diffusion. [40]. 

1.3.3. Influence of Cu Thickness 

Since Cu diffusion can result in the degradation in CdTe polycrystalline films, the 

amount of Cu in the back contact is a critical factor for device stability. Ferekides et al. 
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reported the influence of Cu thickness on the device stability [44]. They deposited 10 Å 

and 40 Å Cu layers on CdTe films following a chemical etching and annealed them at 

240 oC. Then these devices were subjected to light soaking tests at a temperature of 65 

oC. The cell with 10 Å Cu showed a slower degradation of Voc from 780 mV to 650 mV 

within 650 hr under the open circuit condition, while the cell with 40 Å Cu showed a 

faster degradation of Voc from 750 mV to 480 mV under the same condition. This report 

suggested that the thickness of the Cu contact can affect the device stability significantly. 

A thinner layer of Cu contact is usually preferred for the device stability.  

1.3.4. Accumulation of Cu in CdS 

Cu can diffuse through the whole CdTe film until it gets to the front contact. 

Dobson et al. found that Cu diffused through the CdTe film and accumulated in the CdS 

layer with thermal annealing under certain conditions [41]. The accumulation of Cu is 

dependent on the thermal stress duration. When the thermal stress (200 oC, air) duration 

was increased from 0, 15 to 300 hr, the Cu signal in a SIMS profile was obviously 

increased in the CdS layer, but not in the CdTe layer. With increasing the stress test (200 

oC, dark condition, N2) duration to 40 hr, they found that the dark J-V characteristics 

show a roll-over in the forward bias direction, suggesting that the introduction of Cu 

increases the photoconductivity of CdS. It was proposed that excessive Cu accumulation 

can introduce deep level dopants and recombination centers in the CdS layer, which also 

resulted in the degradation of photo J-V characteristics. Providing further support for the 

existence of these defects, Dobson et al. further showed that the light stressed cell can be  

recovered through re-annealing, suggesting that the deep dopants and recombination 
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centers[41] related to Cu are unstable and can be “decomposed” or rendered inactive by 

annealing at a sufficiently high temperature.  

1.3.5. Oxidation of Cu Contact 

Besides Cu diffusion occurring through the CdTe grain boundaries, there are 

other factors that can affect the effectiveness of the Cu buffer. Dobson et al. proposed the 

oxidation of Cu contact [41, 42] in ambient air. In their experiments, the cell annealed in 

air degraded much faster than the one annealed in nitrogen. The photo J-V plots of the 

cell annealed in air show serious roll-over indicating a high back contact barrier, while 

the cell annealed in nitrogen did not show the roll-over. It was believed that the Cu 

contact was oxidized during annealing in air and thereby the ohmic contact was lost. This 

oxidation proceeded more rapidly in the presence of moisture [41].  

1.3.6. Influence of Chemical Etching 

Besides Cu contact, other factors relating to the back contact are known to 

influence the device stability. Chemical etching, such as NP treatment, is known to etch 

CdTe grain boundaries. Li et al. reported device failure due to the overtreatment of CdTe 

in NP solution [24]. Batzner et al. reported fast device degradation due to the diffusion of 

metal from the back contact into over-treated CdTe films [45]. Contradicting these 

findings, however, Albin and McCandless [40] reported that devices with NP treatment 

showed superior stability regardless of whether the back contact was Cu-containing or 

Cu-free. My research also showed that NP treatment can stabilize Ni electrode during the 
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thermal annealing tests compared to the device without this treatment. If treated properly, 

the Te-rich buffer layer can act as a barrier to retard metal diffusion.   

1.3.7. Stability of Back Electrode 

There are a few reports on the stability of metal electrodes. In one report by 

Demtsu et al. [46] Ag or Ni paste was applied to CdTe films coated with Cu-doped 

graphite to make the back electrode. They found that the device degradation can be 

attributed to the diffusion of Ag or Ni electrode and that the graphite layer can retard the 

metal diffusion [46].  

Trefny et al. also found Ni electrode was unstable [37]. They used ZnTe:Cu as the 

back contact buffer layer and Ni or Au as the electrode. Cells with these electrodes were 

subjected to light soaking tests at 75 oC for up to 370 hr. The efficiency of the cell with a 

Ni electrode degraded from 12.5% to 8.2% whereas the efficiency of the cell with a Au 

electrode improved from 10.7% to 11.2%, indicating that Ni electrode is relatively 

unstable compared to Au electrode. 

1.3.8. Degradation due to the Thickness of CdTe Layer  

In addition to the back contact degradation, thickness of CdTe can also affect the 

device stability. Ohno et al. related device stability with CdTe film thickness [47]. In 

their research, 60 nm Cu2Te was applied as a back contact buffer layer on CdTe films 

with different thickness, 3 μm and 6 μm. With light soaking tests at 60 oC, it was found 

that the device with 3 μm CdTe degraded much faster than the device with 6 um CdTe. 
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They suggested that the device instability is related to the density of defects or pinholes, 

which is presumably greater in thinner CdTe films. 

1.3.9. Summary about Device Degradation 

Several mechanisms regarding CdTe solar cell degradation have been reviewed. It 

is difficult to isolate these mechanisms from each other due to the highly interdependent 

nature of stacked layers in the CdTe solar cell. Generally, a dominant degradation 

mechanism can be attributed to Cu contact. The discussed process of device degradation 

in regard to Cu buffer can be summarized in Figure 1.6. 

 

Figure 1.6.  Degradation mechanisms in CdTe solar cells reportedly due to Cu diffusion. 

1.4. The Issues of Current Back Contact Methods 

Although extensive researches have been investigated to improve the p-type 

contact to CdTe, an ohmic (barrier-free) and stable contact to p-CdTe has yet to be 

achieved [8, 9, 48]. So far, most high-efficiency CdS/CdTe solar cells have been 
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fabricated involving proper NP etching and Cu diffusion [5, 30] for the formation of the 

back contact. However, these methods have drawbacks in affecting proccessability and 

device instability as discussed earlier.  

There have been considerable research efforts on replacing the Cu-containing 

buffer layers with Cu-free buffer layers [12, 19, 20, 35, 49]. However, few methods have 

been focused on the replacement of wet etching with a dry application to facilitate the in-

line deposition. In the flow chart of in-line deposition (Figure 1.7), all the depositions 

and the heat treatment processes should be finished in vacuum once the glass substrate is 

loaded into the deposition system after cleaning process. In that case, replacing the 

solution etching with dry contacting process is necessary for promoting the 

manufacturing productivity [50]. 

 

Figure 1.7. Proposed flow chart for the manufacture of CdTe solar panels. 
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1.5. Applications of Transition Metal Oxides in Organic Electronics 

In connection with studies on various buffer layers for CdTe solar cells, I will 

review the application of transition metal oxides (TMOs) as a hole injecting contact in 

organic photovoltaic cells (OPVs) and organic light emitting diodes (OLEDs). For these 

organic electronic devices, binary TMOs with high work functions (6.0~7.0 eV or 

higher) and large bandgaps (>3.0 eV) have  been found to be useful as alternative to  

traditional hole-injection buffer layers based on organic materials, such as 3,4-

polyethlene-dioxythiophene:polystyrene-sulfonate (PEDOT:PSS) and copper 

phthalocyanine (CuPc). These binary transition metal oxides, which include 

molybdenum trioxide (MoO3) [51], nickel oxide (NiO) [52], tungsten trioxide (WO3) 

[53] and vanadium pentoxide (V2O5) [51], offer excellent stability in addition to 

enhanced device performance. 

Shrotriya et al. [51] applied MoO3 and V2O5 as anode buffer layers between ITO 

and organic layers in OPVs. In their experiments, an efficiency of ~3% was obtained for 

devices with MoO3 (5 nm) and V2O5 (3 nm) buffer layers, equivalent to that achieved 

with a PEDOT:PSS (25 nm) buffer layer. Irwin et al. [52] applied 10-nm NiO as a buffer 

layer to OPVs of a similar organic layer composition and realized an efficiency of 5.16%, 

while only 2.4% efficiency was obtained for the device with a 40-nm PET:PSS buffer 

layer. Research in our group [54] showed that the deposition method of MoOx can affect 

its work function and therefore the performance of Schottky barrier OPVs. The thermally 

evaporated MoOx film has a work function as high as 6.80 eV, producing Schottky 
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barrier OPVs with Voc of 1.23 V, while the MoOx film sputtered in Ar or Ar/O2 ambient 

has a work function of 5.09 ~ 5.23 eV, leading to a much depressed Voc of 0.77 ~ 0.91 V 

for the same OPV structure. Ma et al. [55] replaced CuPc with MoOx as the hole-

injection buffer layer in OLEDs and found a reduced device operational voltage and an 

improved device stability. 

1.6. Outlines of Thesis Research 

The primary objective of my thesis research is to develop a new method for 

producing a stable and low-resistance back contact for n-CdS/p-CdTe solar cells. The 

new method is based on vapor deposition and is intended as a replacement for the 

conventional chemical etching method. The new method is also intended to avoid the use 

of Cu to potentially improve the device stability.  

The structure of this thesis is as follows: 

 (1) New low-resistance back contacts 

A series of TMOs were selected as the back contact buffer candidates. In 

particular, MoOx was applied as the buffer layer to yield a low-resistance contact to p-

CdTe and CdS/CdTe solar cells with improved efficiency. 

(2) Mechanism of back contact improvement with MoOx buffers 

 The mechanism underlying the back contact improvement is studied with x-ray 

photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS) 
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characterizations. This research was carried out in cooperation with Prof. Yonglin Gao’s 

lab. 

(3) Stability of CdTe cells with MoOx buffers 

 MoOx is found to drastically reduce the degradation rate of the CdS/CdTe solar 

cells. I studied the mechanism underlying this improvement. In addition, I experimented 

with different metals as the back electrode and proposed a degradation mechanism, the 

oxidation of metal electrode at elevated temperatures. 
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CHAPTER 2 

EXPERIMENTAL SECTION 

 

2.1. Device Fabrication 

All thin film CdS/CdTe solar cells studied in this thesis were fabricated on 

commercially available fluorine-doped tin oxide (FTO) soda-lime glass without the 

coating of a highly resistive buffer. In most cases, TEC-15 glass substrates (Pilkington, 

Rs ~15 ohm/square) were used. The cell fabrication processes are as follows [56, 57]. In 

some other cases, FTO substrates with a higher conductivity (Rs 6~7 ohm/square) were 

applied. On these substrates CdS films were coated with a method close to vapor 

transport deposition.  These substrates pre-coated with CdS films were provided by the 

Sunflux company. 

2.1.1. CdS Deposition 

CdS thin films were deposited on FTO substrates using a chemical bath 

deposition method (CBD) described by Chu et al. [58]. The concentrations of the four 

reactants, cadmium acetate (CdAc2), ammonium acetate (NH4Ac), thiourea ((NH2)2CS) 

and ammonium hydroxide (NH3·H 2O), were typically 1 mM, 20 mM, 5 mM and 0.4 M, 

respectively. CdAc2 (200 mg), NH4Ac (405 mg) and NH3·H 2O (40.5 ml, 28.0–30.0% as 

NH3) were first added to de-ionized water (DIW, 684 ml), and stirred in a beaker (1000 
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ml). The FTO glass substrates (1.5″×1.5″) mounted on strips of stainless steel plates were 

lowered into the solution. Then the solution was heated to 92 °C on a hotplate. The 

preheated thiourea solution (286 mg in 25 ml DIW, 90 °C) was then added into the 

solution. The solution was left stirring for 40 min before the substrates with the CdS 

deposits were removed from the bath. The CdS coated substrates were cleaned 

ultrasonically in DIW for 5 min to remove loose CdS particulates on the substrates. They 

were then further rinsed with DIW and dried with nitrogen. A total of 24 CdS-deposited 

FTO glass substrates were prepared in a single batch process. The typical thickness of the 

CdS deposited under the above conditions was 100~150 nm. 

2.1.2. CdTe Deposition 

Polycrystalline CdTe films were deposited on the CdS coated substrates by the 

closed-space sublimation (CSS) method [59]. The CdTe source was CdTe granules (Alfa 

Aesar, 99.99%). The heating sources were boron nitride heaters or ELH lamp heaters 

mounted on the graphite plates, which also served as the source and substrate holders. A 

temperature-time profile for a typical deposition run is shown in Figure 2.1. The CSS 

process temperatures were maintained at 550~570 and 640~650 °C for the substrate and 

the source, respectively. The deposition ambient was typically 1.5 Torr oxygen following 

Tyan’s condition [15]. Under these conditions, the deposition rate of the CdTe films was 

approximately ~1 μm/min. The typical thickness of CdTe films used in this study was 

3.5~5.0 μm unless other specified. 
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Figure 2.1. Temperature-time profile of a typical CdTe deposition process. 

2.1.3. CdCl2 Treatment 

The vapor CdCl2 (VCC) treatment of glass/FTO/CdS/CdTe substrates was 

conducted in a CSS system using ultra-dry CdCl2 beads (Alfa Aesar, 99.9%) as the 

source. A typical temperature–time profile is shown in Figure 2.2. The substrate and 

source temperatures during the treatment were maintained at ~400 °C with a duration 

ranging from 5 to 10 min. The chamber ambient was a 1:4 mixture of O2:N2 at 

10~50 Torr. 
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Figure 2.2. Temperature-time profile for a VCC treatment applied to the CdTe film. 

2.1.4. Back Contact Deposition 

After the VCC treatment, the CdTe films were thoroughly rinsed under a 

deionized water flow for several minutes and then dried under a nitrogen flow.  As a 

back contact buffer layer, a 40 nm MoOx film was thermally evaporated from MoO3 

powder (Alfa Aesar, 99.95%) onto the CdTe films at a deposition rate of ~5.0 Å/s in a 

vacuum of 5×10-6 ~ 1×10-5 Torr. To complete the back contact, a 200 nm metal film was 

deposited on top of the MoOx layer by sputtering. The applied metals included Ni, Mo, 

Cr, Al, and Mg, and the deposition rates were 7.4, 10.8, 6.3, 6.3, and 25.0 Å/s, 

respectively. Optional MoOx buffers were sputtered from a MoO3 target in an ambient of 

3.0 mTorr Ar.  The deposition rate for MoOx in Ar was 3.3 Å/s under a power of 50 W.  
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The active area of the CdTe solar cell, typically about 0.1 cm2, was isolated by scribing 

the CdS/CdTe/MoOx/metal stack layers with a razor blade. 

 For control cells, the CdTe films were etched in a solution of nitric and 

phosphoric acids (NP solution) with a volumetric ratio of 2.2(HNO3): 175(H3PO4): 

70(H2O) for 20~40 s, followed by rinsing in DIW and drying with nitrogen. Then a 

200 nm thick Ni film was deposited on top of the NP-treated CdTe films by DC 

sputtering. 

2.1.5. Stress Tests 

Thermal annealing and light soaking tests were applied to cells with MoOx 

buffers.  Thermal annealing was carried out at 200 oC in a tube furnace in inert ambience.  

Light soaking was carried out in a custom-made light box equipped with compact 

fluorescent lamps with a light intensity of approximately 1 kW/m2.  The equilibrium 

temperature during the test was around 44 oC. 

2.2. Thin Film and Device Characterizations 

2.2.1. UV-Vis Absorption 

The absorption/transmittance spectra of the MoOx films were measured using a 

UV-Vis spectrometer (Perkin–Elmer, Lambda 900). The scanning range was from 300 to 

900 nm.  
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2.2.2. SEM and EDX 

The plain view and cross-section view of CdTe films were characterized by 

scanning electron microscopy (SEM, Zeiss, Supra 40VP). Depth profiling of CdTe/Ni 

and CdTe/MoOx/Ni films were also characterized with energy dispersive spectroscopy 

(EDX) by using the same instrument (operating voltage 15 kV).  The depth profiling with 

EDX method has previously been reported by other researchers [60, 61]. During the 

EDX measurements, the detection area within the reduced window was approximately 

500×500 nm. 

2.2.3. XRD  

X-ray diffraction (XRD) analysis was carried out on the cell with a Ni-only 

electrode, before and after a 19.0 hr thermal stress test, using Philips X'Pert High 

Resolution Materials Research Diffractometer. The range of the scanning 2theta was 

from 20 to 100 o. The scan step time was 10.0 s. 

2.2.4. XPS and UPS 

In the experiments of chapter 3, XPS characterizations were applied to CdTe 

films with and without surface cleaning process. This experiment was performed using a 

Surface Science Laboratories' SSX-100, equipped with a monochromatic Al anode x-ray 

gun (Kα 1486.6 eV). The base pressure of the system was 9×10−11 Torr. The spot size of 

the x-ray was chosen to be 1 mm in diameter and the resolution selected for energy 

analyzer was 0.5 eV. 
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In the experiments of chapter 4, XPS and UPS studies were performed using a 

modified VG ESCA Lab system, equipped with a helium discharge lamp and a 

magnesium Kα X-ray source (1253.6 eV). The base pressure of the spectrometer 

chamber was typically 8x10−11 Torr.  The UPS spectra were recorded by using unfiltered 

He I (21.22 eV) excitation as the light source with the samples biased at -5.00 V to 

observe the low-energy secondary cutoff.  The typical instrumental resolution for UPS 

measurements ranges from 0.03 to 0.1 eV with photon energy dispersion of less than 20 

meV.  The XPS resolution is ~1.4 eV.  On one of the CdS/CdTe samples Ni was directly 

deposited, while on the other 25 Å MoOx was deposited prior to Ni deposition.  Both 

MoOx and Ni were deposited by thermal evaporation and the thin film deposition rate 

and thickness were monitored with a quartz crystal microbalance.  All the measurements 

were performed at room temperature. 

2.2.5. Atomic Absorption 

Cadmium concentrations in the rinsing solution were determined using a Perkin-

Elmer AAnalyst 600 atomic absorption spectrophotometer equipped with longitudinal 

Zeeman background correction and a transverse heated graphite furnace (Perkin-Elmer 

Life and Analytical Sciences). A Perkin-Elmer Cd electrodeless discharge lamp (EDL) 

was the light emission source.  The cadmium concentrations of the samples were 

obtained by regression analysis from cadmium standards with concentrations ranging 

from 1 to 10 ng/mL. 
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2.2.6. Current-Voltage Characteristics 

The current-voltage (J-V) data were obtained using a Keithley sourcemeter 

(Model 2400) and a tungsten-lamp-based solar simulator (Solux 3SS4736 50 W solar 

simulator).  The solar simulator was calibrated with a silicon photodiode (Hamamatsu 

S1787-12).  The incident light intensity on the solar cell was 80 mW/cm2.   

2.2.7. Spectral Response 

The values of the current density were corrected by integrating the photo-

response of the cells with AM 1.5 solar spectrum. Spectral response measurements were 

performed with a calibrated Newport Cornerstone 260 monochromator. 
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CHAPTER 3 

PROCESS STUDY of MoOx BACK CONTACT BUFFERS 

 

For thin film CdTe solar cells, control and optimization of the back contact 

processing has been found to critically affect the solar cell efficiency and reliability. For 

example, the parametric studies on the Cu thickness [43], the Cu phase control [62], and 

the deposition or post-deposition annealing [16] are crucial to realize an efficient and 

stable Cu-containing buffer in CdTe solar cells. 

My study is an investigation of the effects of applying high work function TMOs, 

including MoO3, WO3, and V2O5, as the back contact for CdTe solar cells. I have 

discovered that these transition metal oxides are useful as the buffer layer to yield low-

resistance contact to p-CdTe and CdS/CdTe solar cells with improved efficiencies. To 

develop a new back contact, such as MoOx, the optimization of the contact formation 

process is critical. In addition, the method of forming the MoOx contact is different from 

the regular back contacting methods such as solution etching and Cu-containing contacts. 

In this chapter, I will focus on the parametric studies on the MoOx buffer, including the 

film thickness, the deposition method, and the deposition temperature. In addition, the 

pre- and post- MoOx deposition treatments are also explored and discussed. 
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3.1. CdTe Surface Preparation 

In this study, it is found that CdTe surface cleaning can critically affect the cells 

fabricated with vapor-deposited MoOx as the back contact buffer.  First, the effect of 

water rinse was examined. After VCC treatment, the CdTe film was rinsed in deionized 

water and then dried under N2 flow prior to the deposition of MoOx/Ni back contact. A 

control cell without water rinse was also prepared.  J-V characteristics are shown in 

Figure 3.1.  With water rinse, normal J-V characteristics and device performance 

(η=12.4%, Jsc=21.4 mA/cm2, Voc=813mV, FF=71.4%) are obtained for the cell.  In 

contrast, a severe roll-over in the forward bias direction is observed in the control cell. 

This roll-over behavior results in substantially inferior device performance (η=7.9%, 

Jsc=21.3 mA/cm2, Voc=783mV, FF=47.4%). 

 

Figure 3.1. J-V characteristics of CdTe cells with and without water rinse after VCC 

treatment.  
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Figure 3.2. XPS spectra of (a) Cl 2p and (b) Te 3d core levels for the CdTe surface with 

and without a water rinse after VCC treatment. 
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As a standard device fabrication process, VCC treatment is commonly carried out 

in an oxygen containing atmosphere at elevated temperatures [63].  This process is 

known to produce residues, identified as Cd3Cl2O2 and Te6O11Cl2 on the CdTe surface in 

one study [64].  Different methods have been used to remove surface residues produced 

by VCC treatment, including thermal desorption in vacuum and solvent rinse.  VCC 

treatment in an oxygen-free atmosphere was also explored with the hope of reducing the 

residue formation.  So far, a water rinse has been observed to be the most effective in 

removing the surface residues.  The chemical composition of the CdTe surface was 

examined with XPS.  A key finding is that water-soluble and chlorine-containing 

compounds are present on the CdTe surface after subjecting CdTe to VCC treatment.  As 

shown in Figure 3.2(a), for the CdTe film without water rinse, the XPS spectrum shows a 

strong Cl 2p peak with a binding energy of 198.7 eV.  With water rinse, the Cl 2p peak is 

undetectable.  In addition, I have determined the Cd content in the chlorine-containing 

compound through atomic absorption analysis.  From the analysis the residue is 

identified as Cd3Cl2O2 or a mixed composition of CdCl2 and CdO.  The thickness of this 

layer is about 0.9-2.5 Å.  The fact that the residue cannot be removed by thermal 

desorption in vacuum is consistent with the known thermal stability of Cd3Cl2O2, which 

is non-volatile up to 600 oC [64].  Besides Cd3Cl2O2, another possible residue is related 

to the oxidation formation of tellurium.  Shown in XPS spectra of Figure 3.2 (b), the 

peaks with a binding energy of 576.2 eV and 572.2 eV represent Te from tellurium oxide 

and Te from CdTe, respectively.  With a water rinse process, the intensity of tellurium 

oxide peak is much reduced. Considering that this residue may contain Cl, I propose 
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another possible residual compound to be Te6O11Cl2, which is known to have superior 

stability at high temperature too [64]. The existence of a thin layer of Cd3Cl2O2 along 

with Te6O11Cl2 is a plausible cause for the reduction of the work function of MoOx and 

consequently the roll-over behaviors observed in the cells without water rinse prior to the 

back contact formation. 

The work function of MoOx is known to be highly sensitive to surface 

contamination.  For instance, air exposure after MoOx deposition significantly reduced 

the surface work function from 6.80 eV to 5.24 eV [54, 65, 66] due to the surface 

contamination with oxygen and moisture. In this research, it is found that the ohmicity of 

CdTe/MoOx is largely controlled by the deposition of the first few nanometers of MoOx 

on the CdTe surface, although a thicker MoOx layer provides a more uniform film 

coverage on the rough CdTe surface. For example, with the deposition of 25 Å MoOx, 

the CdTe surface work function is increased to 6.32 eV [67], indicating that the CdTe 

surface has been covered with MoOx. The thickness of Cd3Cl2O2 residue (0.9~2.5 Å) is 

significant compared to that of MoOx (25 Å). So the suggestion that MoOx work function 

is reduced by the presence of Cd3Cl2O2 residue seems reasonable. To verify it, further 

study of the effects of Cd3Cl2O2 residue on the MoOx work function will need to be 

implemented. 

3.2. MoOx Deposition Methods 

In addition to the surface residue issues, it is also known that the method of 

preparing the back contact to CdTe can have significant influence on the cell 
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performance [23, 35, 40, 68].  As shown in the previous section, MoOx is particularly 

useful as a buffer layer for the back contact because of its high work function.  Here it is 

demonstrated that the method of producing MoOx can have a profound effect on its work 

function, and consequently on the contact behaviors.  Figure 3.3 shows the J-V 

characteristics of CdTe cells with MoOx prepared by thermal evaporation and sputtering 

in Ar.  It can be seen that J-V characteristics with no observable roll-over behaviors are 

obtained with a MoOx film produced by thermal evaporation.  In contrast, significant 

roll-over is observed in cells with MoOx films produced by sputtering in Ar.  The power 

conversion efficiency is also considerably lower.  The photovoltaic parameters of these 

cells are summarized in Table 3.1 together with the work functions and stoichiometries 

measured for the MoOx films [54]. 

In addition, MoOx produced by thermal evaporation is found to be more 

stoichiometric compared to that produced by sputtering.  XPS analysis [54] revealed that 

the oxidation state of Mo is predominantly Mo6+ in the evaporated film, whereas a 

mixture of Mo5+ and Mo6+ are found in the Ar- sputtered film.  These results are 

consistent with optical absorption spectra of the MoOx films shown in Figure 3.4.  The 

Ar- sputtered film appears to be bluish and shows strong absorption in the visible region, 

which suggests the existence of oxygen vacancies and Mo5+ [69].  In contrast, the film 

prepared by thermal evaporation is transparent and shows little absorption in the visible, 

which is consistent with a near-stoichiometric composition. 
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Figure 3.3. J-V characteristics of CdTe cells with MoOx buffer layers deposited by 

thermal evaporation and by sputtering. 

 

Figure 3.4. Optical absorption spectra of MoOx films deposited by thermal evaporation 

and sputtering. 
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Table 3.1. Properties of MoOx films deposited by thermal evaporation and sputtering 

methods and the associated cell performance parameters.  

MoOx 
Deposition 

Oxidation 
state of Mo 

Work function 
(eV) [54] 

Jsc 
(mA/cm2) 

Voc 
(mV) 

FF 
(%) 

η 
(%) 

Evaporation Mo6+ 6.80 1, 5.24 2 22.0 809 71.7 12.8 
Sputtering, Ar Mo6+, Mo5+ 5.09 2 22.1 653 53.5 7.8 
1 : w/o air exposure; 2 w/ air exposure 

3.3. Thickness Dependence of MoOx Buffer Layers 

With thermal evaporation as a standard method, the thickness of MoOx buffer has 

been optimized. Controlling the thickness of MoOx buffer is critical for achieving 

excellent solar cell performance. In one series of solar cells, MoOx layers varying from 0 

to 80 nm are thermally evaporated on top of CdTe films, followed by the sputtering 

deposition of a 200-nm Ni layer. For comparison, control cells without any treatment or 

with NP treatment are also included.  

The J-V characteristics of CdTe cells with MoOx as the buffer layer are shown in 

Figure 3.5. Device performance parameters are summarized in Table 3.2. First, I note 

that the cell with the Ni-only back contact exhibits the classical “roll-over” behavior with 

relatively poor FF and Voc.  Such a behavior is of a non-ohmic contact between p-CdTe 

and Ni, which is generally a characteristic of most metal/p-CdTe contacts because of the 

work function mismatch [14, 15, 70, 71].  With only 1 nm MoOx as the buffer layer 

between CdTe and Ni, all the device parameters are significantly improved, including the 

roll-over behavior, an indication that the back contact is more ohmic. Increasing the 
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MoOx buffer thickness further improves the device performance until a maximum 

efficiency of 12.2% is reached at 40 nm MoOx, which is better than the control cell with 

NP/Ni.  Also listed in Table 3.2 are the cell dynamic series resistances, Rs, calculated 

from the slope of dJ/dV at Voc.  It has a minimum value of 4.7 Ω·cm2, corresponding to 

the cell with the highest efficiency, indicating a reduction of the back contact resistance 

is chiefly responsible for improving the overall performance. Further increase to 80 nm 

MoOx results in lower device performance. The useful MoOx thickness range (10 - 80 

nm) observed in these experiments may suggest that complete coverage of p-CdTe 

surface, which has a surface roughness of > 100 nm, is achieved at around 40 nm. Over-

coverage with MoOx could introduce additional series resistance, as MoOx is essentially 

an insulating material.  Typically, 40 nm is used as the standard MoOx thickness. 

 

Figure 3.5. Current-voltage characteristics of CdTe cells with MoOx/Ni back contacts. 
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Table 3.2. Photovoltaic parameters of CdS/CdTe solar cells with MoOx/Ni back contacts.   

MoOx 
(nm) 

Jsc 
(mA/cm2) 

Voc 
(mV) 

FF 
(%) 

η 
(%) 

Rs 
(Ω·cm2) 

Ra of CdTe 
surface 

0 19.9 701 60.2 8.4 16.6 147±5 
1 20.1 786 63.9 10.1 9.9 - 
5 20.1 810 68.0 11.1 5.6 - 
10 20.8 808 68.9 11.6 5.2 145±5 
40 21.3 816 70.4 12.2 4.7 139±5 
80 21.0 800 64.7 10.9 5.9 132±5 
NP 20.4 795 66.4 10.8 5.8 161±5 

 

Surface roughness (Ra) of CdTe films coated with MoOx or Te-rich buffers 

produced by NP treatment were measured with surface profilometer. Increasing the 

thickness of MoOx results in slight reduction of Ra. In contrast, the CdTe surface with NP 

treatment shows increased roughness, because the NP process preferentially etches the 

grain boundaries of CdTe polycrystals [72]. 

3.3. Substrate Temperature 

For further understanding the contact between CdTe and MoOx, deposition of the 

MoOx buffer at elevated substrate temperatures was carried out with the hope of 

achieving the results similar to those obtained using a CuxTe buffer [16]. With a CuxTe 

buffer, the appropriate substrate heating is known to improve the contact because of the 

diffusion and doping of Cu in CdTe.  In this experiment, the CdS/CdTe substrate 

temperature was varied between room temperature and 350 oC during MoOx deposition. 

As shown in Figure 3.6, the cells with MoOx deposited at elevated temperatures degrade 

considerably. In particular, the roll-over in the forward bias direction of J-V 
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characteristics becomes more obvious, reflecting an increase in the back contact 

resistance. The SEM images of MoOx films deposited on Si wafers at room temperature, 

240 oC and 350 oC in Figure 3.7 show how the morphology progressively changes from 

amorphous to crystalline as the substrate temperature is increased. At 350 oC, the MoOx 

film shows clearly needle-like crystallite structure with random orientations. The inferior 

device performance for MoOx deposited at high temperature may be attributed to voids in 

the MoOx film, which would adversely affect direct contact between CdTe and the back 

electrode. Other possibilities include the observed uncontrolled evaporation of CdTe 

from the surface of the substrate during the heating process in high vacuum, resulting in 

the non-integrity of the CdTe film itself. 

 

Figure 3.6. Current-voltage characteristics of CdTe cells with a MoOx buffer layer 

deposited at different substrate temperatures.   
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Figure 3.7. SEM images of MoOx films deposited on Si wafers at different substrate 

temperature: (a) room temperature, (b) 240 oC and (c) 350 oC. 

3.4. Oxygen Plasma Treatment 

In addition to the pre-treatment of the CdTe surface before MoOx deposition, 

post-deposition treatment like oxygen plasma treatment has been explored with the hope 

of improving the contact. Oxygen plasma treatment has been successfully applied to 

increase the work function of ITO [54]. It was also proposed that this treatment would 

improve the stoichiometry of the MoOx layer deposited on ITO substrates and thereby 

increase its work function [73]. In this experiments, oxygen plasma treatment was 

applied to CdTe/MoOx films for a duration ranging from 0 to 60 s. 200 nm Ni was used 

as the back electrode. However, as shown in Figure 3.5, this treatment produced poor 

devices with severe roll-over in the forward bias direction of the J-V characteristics, 

indicating that oxygen plasma treatment could have oxidized the CdTe surface and 

created an insulating layer at the back contact. 
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Figure 3.8. Current-voltage characteristics of CdTe cells with a 40-nm MoOx buffer layer 

treated with O2 plasma for different durations. 

3.5. Metal Electrodes 

With evaporated MoOx film as the buffer, a variety of metals can be utilized as 

the back electrode.  Figure 3.9 shows the J-V characteristics of cells with Ni, Mo, Cr, Al 

and Mg electrodes.  Table 3.3 summarizes the device performance along with the work 

functions of the metals [46].  The cell efficiencies range from 11.5 to 12.9% with no 

particular correlation with the work function of the metals, indicating that the low-

resistance contact is controlled by the CdTe/MoOx interface.  
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Figure 3.9. J-V characteristics of CdTe cells with a MoOx buffer layer and with various 

metal electrodes: Ni, Mo, Cr, Al and Mg.  

Table 3.3. Device performance parameters of CdTe cells with a MoOx buffer layer and 

with different metal electrodes. 

Metal Φm  
(eV) 

Jsc 
(mA/cm2) 

Voc 
(mV) 

FF 
(%) 

η 
(%) 

Ni 5.04~5.35 22.0 808 72.6 12.9 
Mo 4.36~4.95 21.9 817 68.1 12.2 
Cr 4.5 22.0 805 65.0 11.5 
Al 4.06~4.26 22.3 815 68.4 12.4 
Mg 3.66 21.7 811 71.9 12.7 
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Figure 3.10. Current-voltage characteristics of CdS/CdTe cells with an NP/Al or 

MoOx/Al back contact. 

It is remarkable that essentially ohmic back contacts can be produced with low 

work function metals like Al. This is in contrast to NP/Al contact, which has been found 

to be highly non-ohmic.  Generally with a common back electrode such as Ni, both NP 

treatment and MoOx buffer layer can provide low-resistance contact to p-CdTe. I have 

found that this is not the case when Al is used as the back electrode. Figure 3.10 shows J-

V plots of two CdS/CdTe cells with MoOx/Al or NP/Al as the back contact. It can be 

seen that the J-V characteristics of the two cells are largely different. The cell with 

MoOx/Al contact shows a normal J-V characteristic whereas the cell with NP/Al contact 

shows extremely inferior J-V characteristics. These results indicate that the MoOx/Al 

back contact is relatively ohmic compared to the blocking Te/Al contact. The behavior of 
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the latter contact has been attributed to the creation of a high-resistive Al2Te3 layer [74], 

which is formed once Al is deposited on the NP-treated CdTe film. 

3.6. Comparison to NP Etching 

Another advantage of using a MoOx buffer rather than NP treatment is to avoid 

the erosion of CdTe films brought about by solution etching process, which is especially 

important for ultra-thin CdTe films. As is discussed in the introduction chapter, NP 

etching can result in the device shunting or even shorting problem if the treatment 

condition is not well controlled. I found this issue is even more serious for ultra-thin 

CdTe films. In Figure 3.11, with NP treatment the SEM image of a 1.0 μm thick CdTe 

film shows obvious etching paths along the grain boundaries. The deposition of metal 

electrode into these grain boundaries will result in device shunting.  Low Voc, FF and Jsc 

are expected. The dry application of MoOx as a back contact buffer can avoid the device 

shunting and improve the cell performance. 

For example, a series of CdTe films with the thickness ranging from 1.1 μm to 4.0 

μm were fabricated. The performance of related devices obtained with NP treatment and 

MoOx methods are shown in Table 3.4.  The CdTe cells with MoOx as a buffer 

consistently show higher efficiency compared to the cells with NP treatment. For the 

MoOx cells, the best efficiency obtained for this series is 13.2% for the cell with 4.0 µm 

thick CdTe film, which is considerably higher than that obtained from the cells with NP 

treatment, 11.8%. 
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The improvement in cell efficiency is more obvious for ultra-thin CdTe films. For 

1.5 µm CdTe, the efficiency obtained is 12.7% with MoOx compared to only 6.1% with 

NP treatment. The low efficiency for NP cell is correlated to the degradation in Voc, Jsc 

and FF as shown in Figure 3.12(a).  It is noteworthy that non-shorted cells can be made 

with CdTe as thin as 1.1 µm by applying a 40-nm MoOx buffer layer. In contrast, it is 

very difficult to produce non-shorted cells using NP treatment on such thin CdTe films. 

Furthermore, using a MoOx/Ni contact results in a much lower reverse saturation current 

density in the dark J-V characteristics, compared to the same film with a NP/Ni contact 

(Figure 3.12(b)). This suggests that the device shunting is indeed much reduced with the 

application of MoOx dry contact. Device performance for ultra-thin CdTe films is 

therefore significantly improved. 
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Figure 3.11. SEM images of 1.0 μm CdTe films (a) without and (b) with NP treatment 

for 20s. 

Table 3.4. Comparison of CdTe solar cells with MoOx buffers and NP treatment. 

CdTe 
thickness 

(μm) 

 MoOx   NP 

Jsc 
(mA/cm2) 

Voc 
(mV) 

FF 
(%) 

η 
(%) 

 Jsc 
(mA/cm2) 

Voc 
(mV) 

FF 
(%) 

η 
(%) 

4.0  22.3 835 71.0 13.2   21.4 810 68.0 11.8 
1.8  21.9 805 71.0 12.5   20.0 790 51.1 8.1 
1.5  21.1 810 74.4 12.7   15.6 750 52.2 6.1 
1.1  18.9 785 70.7 10.5    shorting   
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Figure 3.12. J-V characteristics of CdTe solar cells with a 40-nm MoOx buffer layer or 

NP treatment under (a) illumination and (b) dark conditions. 
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3.7. Other Transition Metal Oxides 

In addition to MoOx, other TMOs including WO3 and V2O5 having high work 

functions ranging from 6.5~7.1 eV [53, 75, 76] are utilized as back contact buffers for p-

CdTe. WO3 and V2O5 are readily deposited by thermal evaporation, although their 

evaporation temperatures are different from that of MoOx (Table 3.5). The absorption 

spectra of three kinds of TMOs in Figure 3.13(a) show that they have wide bandgaps 

(>3.0 eV) and high transmittance (>90%) in visible region. These properties presumably 

indicate that these films have near-stoichiometric composition like evaporated MoOx or 

less oxygen deficiency compared to sputtered MoOx [57]. WO3 and V2O5 were selected 

as alternative buffers for p-CdTe. Research results show that the performances of devices 

containing WO3 or V2O5 buffer layers (Figure 3.13(b)) are similar to those obtained from 

the cells with MoOx as buffer, indicating that all these high work function transition 

metal oxides are probably useful for improving the contact behavior at the CdTe/metal 

interface. 
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Table 3.5. Properties of high work function transition metal oxides and the related CdTe 

solar cell performances.  

 MoO3 WO3 V2O5 

Work function (eV) 
6.8~6.9 
 [54, 66] 

6.5  
[53] 

7.0~7.1 
[75, 76] 

Melting point (oC) [77] 795 1473 690 
Temperature (oC) @ 10-4 Torr [77] ~900 980 ~500 

Deposition method 
Thermal 
evaporation 

Thermal 
evaporation 

Thermal 
evaporation 

Device 

Performance 

Jsc (mA/cm2) 22.2 22.3 22.4 
Voc (mV) 820 803 810 
FF (%) 74.0 71.2 70.0 
η (%) 13.5 12.7 12.7 

 

 

 

 

  



53 

 

 

Figure 3.13. (a) Absorption spectra of ~40 nm MoOx, V2O5, and WO3 films deposited by 

thermal evaporation method; (b) J-V characteristics of CdTe solar cells with 40 nm 

MoOx, V2O5, and WO3 as back contact buffers. 

3.8. Conclusion 

The CdS/CdTe thin film solar cell is improved by using MoOx as the back contact 

buffer layer.  To achieve an ohmic contact, however, it is necessary to remove surface 

residues from the CdTe surface by a water rinse. The thermal evaporation deposition 

method is necessary to maintain the stoichiometry of MoOx and to retain the high work 

function of this buffer. With MoOx as the buffer, various metals with different work 

function can be used as the back contact electrode to achieve relatively high efficiencies. 

Other advantages of the MoOx buffer include dry application by vacuum deposition, and 

thus it is particularly suitable for the fabrication of ultra-thin CdTe solar cells without 
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introducing additional shorting defects. Besides MoOx, other transition metal oxides 

including WO3 and V2O5 are also useful as back contact buffers for thin film CdTe solar 

cells. 
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CHAPTER 4 

MECHANISM OF BACK CONTACT IMPROVEMENT 

 

Chapter 3 discussed the effects of introducing a layer of MoOx buffer between p-

CdTe and the metal electrode for improving the back contact. This chapter focuses on the 

use of photoemission (PES) to characterize the mechanism by which MoOx improves the 

back contact and device performance. PES spectroscopies including UPS and XPS 

characterizations are widely utilized to investigate the evolution of electronic energy 

levels for organic and inorganic thin films throughout the layer-by-layer deposition 

process. They are particularly important for characterizing the energy levels and 

revealing the contact reaction at the CdTe/back-contact-buffer interfaces. In the past, 

PES characterizations have been carried out on various CdTe/buffer interfaces, including 

CdTe/Te [25], CdTe/CuxTe [33], CdTe/ZnTe [78], CdTe/VSe2 [79], and CdTe/TiSe2 

[79]. 

In this chapter, the CdTe/Ni and the CdTe/MoOx/Ni interface study carried out 

with XPS and UPS characterizations will be discussed [67]. These PES experiments were 

finished in collaboration with Irfan in Professor Yongli Gao’s group and Irfan and I are 

responsible for the design of experiments and interpretation of results. We sequentially 

deposited Ni on top of CdTe and CdTe/MoOx samples in a layer-by-layer fashion, and 

applied UPS and XPS characterizations during the deposition process to characterize the 
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evolution of the electronic energy levels. We observed contrasting differences between 

CdTe/Ni and CdTe/MoOx/Ni interfaces and have proposed different interaction 

mechanisms. We also for the first time measured the work function of MoOx films 

deposited on a CdTe film. 

4.1. Surface Analysis of CdTe/Ni Interface  

We first studied the CdTe/Ni interface with XPS and UPS characterizations. Ni 

films with different thickness (1~42 Å) were thermally evaporated on top of the CdTe 

film.  UPS spectra of CdTe films in the cut-off region and the valence region are plotted 

in Figure 4.1. 
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Figure 4.1. UPS data for 1, 2, 4, 8, 16, 32, and 42 Å Ni deposited on the CdTe/CdS/FTO 

substrate, for  (a) the cut off region, and (b) the valence region. 

Based on the cut-off spectra, the work function of CdTe is calculated following 

the equation of         , where KE is the kinetic energy of an ultra-violet photon 

(21.22 eV), and BE is the binding energy at the mid-point of the cut-off curve.  As the 

thickness of Ni increases, the measured work function of CdTe/Ni surface first decreases, 

then increases, and finally reaches saturation at 4.64~4.67 eV at a thickness of 32~64 Å 

(Table 4.1).  The initial drop in the work function at 1~4 Å thick Ni is due to the reaction 

between Ni and TeOx, which will be discussed later. 

Table 4.1. Evolution of the CdTe/Ni surface work function at different Ni thicknesses. 

Ni  
thickness (Å) 

BE at mid-point of  
cut-off curves (eV) 

WF  
(eV) 

0 16.99 4.23 
1 17.16 4.06 
2 17.15 4.07 
4 17.05 4.17 
16 16.85 4.37 
32 16.58 4.64 
64 16.55 4.67 

 

XPS core level spectra reveal more information on the interaction occurring at the 

CdTe/Ni interface.  XPS spectra of Ni 2p and Te3d5/2 core levels are plotted in Figure 

4.2.  In the Ni core level spectra (Figure 4.2a), the initial growth of a small Ni 2p peak 

(denoted by 'A') at the binding energy of 857.5 eV occurs due to the appearance of NiOx 

[80].  As the thickness of the deposited Ni increases, the contribution of NiOx is reduced 
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while a metallic Ni peak with a binding energy of 854 eV becomes dominant, indicating 

that the formation of NiOx occurs only at the early stage of Ni deposition. 

 

Figure 4.2. XPS data for (a) Ni 2p and (b) Te 3d5/2 core levels as a function of Ni 

thickness on the CdTe/CdS/FTO substrate. 

The evolution of Te 3d5/2 core level XPS spectra is shown in Figure 4.2b. The 

spectra of the pristine CdTe film without Ni deposition exhibit two prominent peaks at 

574.4 and 577.9 eV, corresponding to Te from Cd(Te) and (Te)Ox, respectively [80, 81].  

Prior to Ni deposition, the intensity ratio between (Te)Ox and Cd(Te) peaks is around 

70:100, revealing that the existence of a large portion of TeOx on the surface of CdTe.  

With the deposition of Ni film, the relative intensity of (Te)Ox is rapidly decreased, 
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although the attenuation effect due to Ni deposition reduces the absolute height of (Te)Ox 

as well.  The (Te)Ox peak becomes indiscernible after the deposition of 16 Å Ni, while 

Cd(Te) peak is still largely visible. Considering the observations from the Ni and Te core 

levels, it is proposed that in the initial stage of Ni deposition Ni is oxidized to NiOx and 

TeOx is reduced to Te, following the reaction equation shown below: 

                    (Eq. 4.1) 

This conclusion is consistent with the observation that the work function decreases from 

4.23 eV to 4.06~4.17 eV when 1~4 Å thick Ni is deposited on CdTe (in Table 4.1).  

4.2. Surface Analysis of CdTe/Ni Interface with MoOx Buffer 

We also studied the CdTe/Ni interface in the presence of a layer of MoOx buffer 

in between CdTe and Ni. A layer of 25 Å MoOx was first deposited on top of CdTe; then 

0.5~32 Å thick Ni was sequentially deposited on top of the MoOx layer. The evolution of 

UPS spectra in the cut-off region and the valence region is shown in Figure 4.3.   

First, with the insertion of a layer of 25 Å MoOx, the CdTe surface work function 

increases from 4.32 eV to 6.32 eV.  In another set of experiments, when the thickness of 

the deposited MoOx layer increases to 38 Å, the measured work function value of MoOx 

reaches 6.49 eV, which is substantially higher than that of CdTe (4.32 eV) and that of Ni 

(4.67 eV). Such a high work function value (6.32~6.49 eV) would facilitate hole 

injection from the back contact electrode to CdTe. 
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Figure 4.3. UPS data for 32, 16, 8, 2, 1, and 0.5 Å Ni on 25 Å  MoOx on CdCl2 treated 

CdTe/CdS/FTO substrate, for (a) the cut off region, and (b) the valence region. 

Second, continuous deposition of Ni film leads to the gradual reduction of the 

surface work function from 6.32 eV to 4.58 eV at 32 Å Ni. With a thin Ni layer (up to 2 

Å), a gap state appears at ~2.4 eV in the valence region spectra, which is similar to that 

of NiOx [82]. The formation of NiOx is confirmed from XPS spectra shown below. 

The evolution of XPS spectra of Ni/MoOx/CdTe interfaces (Figure 4.4) is 

consistent with the observation from UPS data.  The initial growth of a peak with a 

binding energy of 857.8 eV is identified as NiOx, which is marked as feature 'A'.  As the 

thickness of Ni is increased to beyond 8 Å, feature 'A' diminishes.  Compared to the 
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CdTe/Ni interface without MoOx buffer (Figure 4.2a), the NiOx feature is more 

prominent when MoOx is introduced to the interface between CdTe and Ni, which may 

be because MoOx deposition brings more oxygen to the surface of CdTe. Based on the 

UPS and XPS spectra obtained for CdTe/MoOx/Ni samples, the reaction at MoOx/Ni 

interface is proposed as:  

                        (Eq. 4.2) 

 

Figure 4.4. XPS data for Ni 2p core levels as a function of Ni thickness when a layer of 

25 Å MoOx was deposited on CdTe/CdS/FTO substrate.  
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4.3. Comparison between CdTe/Ni and CdTe/MoOx/Ni Interfaces 

To evaluate the different interactions at the CdTe/Ni and the CdTe/MoOx/Ni 

interfaces, Te 3d5/2 core level XPS spectra (Figure 4.5) obtained from two samples are 

compared.  As discussed earlier, there are two Te peaks in the XPS spectra: the low BE 

peak at 574.3 eV related to Cd(Te) and the high BE peak at 577.7 eV related to (Te)Ox.  

For the interface without MoOx (shown in Figure 4.5a), initially the intensity of (Te)Ox 

peak is comparable to that of the Cd(Te) peak. However, with the deposition of 16 Å Ni, 

the (Te)Ox peak becomes indiscernible whereas the Cd(Te) peak only attenuates. In 

contrast, for the surface with MoOx (shown in Figure 4.5b), the intensity of (Te)Ox peak 

is 87% of the Cd(Te) peak initially; with the deposition of 25 Å MoOx, both peaks 

attenuate, but their intensities remain comparable.   

  

Figure 4.5. Evolution of XPS core level spectra of Te 3d peaks with the deposition of (a) 

16 Å Ni and (b) 25 Å MoOx. 
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The insertion of a layer of MoOx buffer at the interface of CdTe/Ni protects the 

surface of CdTe and avoids the reduction of TeOx, which is expected to have a work 

function higher than that of Te. The existence of the TeOx component in the interface 

may improve the device performance. For example, Liou et al. found that the formation 

of a TeO2 interfacial layer between p-CdTe and Ag resulted in improved Voc and FF in 

Schottky barrier solar cells [83]. 

4.4. Conclusion 

Direct deposition of Ni on the surface of CdTe results in the formation of NiOx, 

by seizing oxygen from TeOx native to the CdTe surface.  As a result, the surface work 

function was reduced, which we believe is the reason for the non-ohmic behavior 

observed in the J-V characteristics. 

In the presence of a layer of MoOx buffer between CdTe and Ni, the TeOx content 

underneath the MoOx layer remains largely unchanged. This MoOx inter-layer has dual 

functions. First, MoOx acts as a buffer to prevent Ni from directly contacting with the 

surface of CdTe, which avoids the unfavorable reduction of TeOx and the consequent 

decrease in the surface work function. Although some oxygen is still seized from the 

MoOx, the work function of MoOx remains high enough to result in an ohmic contact. 

Second, the high work function MoOx film (6.32~6.49 eV) provides a direct low-

resistance contact layer to CdTe, which nicely explains the cell improvement.  
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CHAPTER 5 

STABILITY OF CdTe CELLS WITH MoOx BUFFERS 

 

CdTe cell stability is influenced by at least two mechanisms associated with the 

back contact. The first mechanism is related to the back contact buffer applied between 

p-CdTe and the electrode. Cu-containing buffers, in particular CuxTe [5], are commonly 

used for making a low-resistance contact to p-CdTe.  However, Cu readily diffuses from 

the back contact into the CdS/CdTe heterojunction via CdTe grain boundaries [41].  So a 

delicate control over the thickness and the phase of CuxTe is believed to be a key to 

improving the device reliability [43, 44, 62].  Alternative Cu-free buffers including 

Sb2Te3 [35] and ZnTe:N [23], which can avoid device degradation associated with Cu-

diffusion, have been adopted to make low-resistance contact to p-CdTe.  Although they 

have been demonstrated to be useful as low-resistance contact to p-CdTe, the stability of 

these buffers has not been adequately evaluated.  

The second mechanism related to the back contact degradation involves the metal 

electrode [40], which is often overlooked. Ni is often utilized as the back contact 

electrode due to its high work function [46, 84].  Thermal treatment, although tending to 

improve the CdTe/Ni contact by forming a low resistance NixTe buffer [41, 46, 85], can 

result in the diffusion of Ni into CdTe which limits the device stability [46].  Developing 

a technology to reduce Ni diffusion will help to improve the device stability. 
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In this chapter, I will discuss the stability of CdTe cells produced with MoOx 

buffer. It was found that that in comparison to the cell without any buffer, the cell with a 

layer of MoOx buffer shows not only improved initial device performance, but greatly 

enhanced device stability during the thermal stress test. In addition, it was found that the 

degradation of the cell with MoOx buffer is related the back contact electrode. 

5.1. MoOx as a Metal Diffusion Barrier 

5.1.1. Thermal Stability 

A MoOx buffer has been found to significantly improve the thermal stability of 

CdTe cells with Ni as the electrode.  The cells with Ni-only and MoOx/Ni back contacts 

were subjected to thermal stress tests at 200 oC for a duration up to 19.0 hr.  The 

evolution of J-V characteristics (η) is presented in Figures 5.1 and 5.2. The device data 

are presented in Figure 5.3 and Table 5.1. The Ni-only cell showed a rapid degradation in 

efficiency, decreasing from 8.1% to 1.6% after 19 hr.  In contrast, the MoOx/Ni cell 

showed superior device stability, decreasing from 12.7% to 11.1% in efficiency after the 

same period time.  

The enhancement in cell stability was largely a reflection of the Voc stability as 

shown.  For the Ni cell, Voc decreased from 676 mV to 190 mV after 19 hr of thermal 

stress; the reverse saturation current density (J0) increased from 3.0×10-5 to 2.5×10-2 

mA/cm2. These data for Voc and J0 are fairly consistent with the solar cell device 
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equation connecting both photo and dark J-V characteristics,     
   

 
   

   

  
   , 

indicating that the decrease of Voc for the Ni-only cell is due to an increase in the leakage  

 

 

Figure 5.1. Evolution of the J-V characteristics of CdTe solar cells with Ni-only contact 

during the thermal stress test at 200 oC: (a) under illumination, and (b) in the dark. 
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Figure 5.2.  Evolution of the J-V characteristics of CdTe solar cells with MoOx/Ni 

contact during the thermal stress test at 200 oC: (a) under illumination, and (b) in the 

dark. 
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Figure 5.3. Evolution of (a) cell efficiency (η) and (b) open-circuit voltage (Voc) for 

CdTe solar cells with and without a MoOx buffer during the thermal stress test at 200 oC. 
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Table 5.1. Cell performance data of Ni-only and MoOx/Ni cells during the thermal stress 

tests.  

Anneal 
duration 

(hr) 

(a) Ni-Only (b) MoOx/Ni 

η        
(%) 

Jsc 
(mA/ 
cm2) 

Voc 
(mV) 

FF 
(%) 

J0 (mA/ 
cm2) 

η              
(%) 

Jsc 
(mA/ 
cm2) 

Voc 
(mV) 

FF 
(%) 

J0 (mA/ 
cm2) 

0 8.1 21.4 676 56.1 3.0×10-5 12.7 22.2 808 71.0 1.5×10-5 

0.5 6.6 21.3 497 62.2 7.8×10-5 12.4 22.0 810 69.8 1.4×10-5 

1.5 5.3 21.2 417 60.3 4.0×10-4 11.5 21.9 805 65.2 2.9×10-5 

4.5 3.5 21.1 315 52.4 3.8×10-3 10.7 21.9 790 62.0 4.9×10-5 

19.0 1.6 18.1 190 46.5 2.5×10-2 11.1 21.8 795 64.2 9.7×10-5 

 

current conducted through the shunting paths.  In contrast, Voc remained practically 

unchanged for the MoOx/Ni cell, decreasing from 808 mV to 795 mV. J0 also remained 

relatively stable, with a slight increase from 1.5×10-5 mA/cm2 to 9.7×10-5 mA/cm2 

indicating that device shunting is not significantly developed in the MoOx/Ni cell. 

In contrast to the rapid decrease in Voc with thermal annealing, the reduction in Jsc 

is relatively modest.  For the Ni-only cell, the degradation in spectral response is shown 

in Figure 5.4(a).  The drop in the external quantum efficiency (EQE) occurs throughout 

the CdTe absorption spectrum.  However, the ratio of the decrease in EQE, R(λ) (     

             

      
, where        and        are the EQEs before and after the annealing), is 

not constant throughout the spectrum. R(λ) is larger in the short wavelength region 

(25~34%, at 350~500 nm) than that in the long wavelength range (10~18%, at 550~790 
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nm), indicating that charge recombination occurs more in the front contact side than in 

the back contact side. In comparison to the Ni-only cell, the cell with a MoOx buffer 

shows a slight decrease in EQE, in the wavelength of 650~800 nm (Figure 5.4(b)).  The 

R (λ) value is less than 5% in this region. It indicates that charge recombination is 

localized at back contact side, which is different from the Ni-only cell. 
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Figure 5.4. External quantum efficiency for CdTe solar cells with (a) Ni-only, and (b) 

MoOx/Ni contacts before and after the thermal stress test at 200 oC for 19 hr. 

 

5.1.2. Light Soaking Test 

In addition to thermal stress tests, light soaking tests were carried out on CdTe 

cells with and without MoOx buffer and with a Ni electrode.  Both cells were subjected to 

light soaking under open circuit for a duration of 395 days in laboratory ambient at an 

average temperature of 44 oC.  The evolution of the cell performance parameters is 

shown in Figure 5.5. 



72 

 

 

  

Figure 5.5. Evolution of cell performance parameters during a 395-day light soaking test: 

(a) efficiency, (b) short-circuit current density, (c) open-circuit voltage, and (d) fill factor. 

Although both cells suffer overall efficiency degradation, the cell with the MoOx 

buffer shows slightly improved stability (with an efficiency decrease by 16.9%) over the 

cell without the buffer (with an efficiency decrease by 23.9%).  The slow degradation 

rate for the Ni-only cell is related to the much lower stress test temperature.  At 44 oC, 

the diffusion of Ni into CdTe is speculated to be much slower than the diffusion at the 

thermal stress temperature of 200 oC.   
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5.1.3. SEM/EDX Characterization 

To validate the diffusion of Ni into the CdTe film, SEM/EDX was used to 

characterize several CdTe films.  SEM cross-section images of the cells with and without 

the MoOx buffer are shown in Figure 5.6.  On each SEM image, I have located the multi-

layers comprising the cell - glass, FTO, CdS, CdTe and Ni.  EDX has been used to 

characterize the atomic percentage of Ni in the CdTe film.  Starting from the top surface, 

the Ni atomic percentage was sampled at 250, 380, 500, 1000, 1500, and 4000 nm into 

the CdTe layer.  Figure 5.7 shows the depth profiles of Ni for the Ni-only cell and for the 

Ni/MoOx cell before and after 19 hr thermal stress tests.  

 

Figure 5.6. SEM cross-section images of the cells (a) without and (b) with a MoOx 

buffer. 
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Figure 5.7. EDX depth profiles of Ni in CdTe cells without (a) and with (b) the MoOx 

buffer, before and after the thermal stress test 19 hr.  

Before the thermal stress test, the percentage of Ni in the top 0.25~1.5 μm of the 

CdTe film without MoOx buffer is already very high, indicating that significant diffusion 
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of Ni into the CdTe occurs during the sputtering deposition of Ni.  With the thermal 

stress test, the percentage of Ni in CdTe is increased from 35% to 54% at a depth of 0.25 

μm (Figure 5.7a), indicating that the thermal treatment promotes Ni diffusion into the 

CdTe.  With the MoOx buffer, the Ni diffusion is reduced after both the deposition and 

the thermal stress test. For example, the percentages of Ni in CdTe at a depth of 0.25 μm 

(Figure 5.7b) are 26% and 31% before and after the thermal stress test, respectively. So it 

is concluded that MoOx buffer suppresses the diffusion of Ni in the CdTe film. 

5.1.4. XRD Characterization 

To investigate the interaction between CdTe and Ni, XRD was tested to 

characterize the Ni-only cell before and after the 19.0 hr thermal stress test.  The XRD 

spectra are shown in Figure 5.8.  Before the thermal stress test, only CdTe diffraction 

peaks, including (111), (200), and (311) (PDF # 150770), are observed at the 2-theta 

degree of 28o, 36o, and 48o, respectively. After the thermal stress test several new peaks 

appear. These new peaks at the 2-theta degree of 28o, 36o, and 48o are assigned as 

monoclinic Ni3Te2 peaks including (011)/(201), (211), and (020)/(040) (PDF # 190844), 

respectively. In addition, the (100) peak of Te is also observed, which overlaps with the 

(011)/(201) peaks of Ni3Te2 .   
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Figure 5.8. XRD spectra of a CdTe/Ni film before and after the thermal stress test.  

The formation of different types of NixTe compounds [46, 85] including Ni3Te2 

[46] at the CdTe/Ni interface with the thermal annealing has previously been reported.  

The electrical properties of NixTe compounds are partially known. Some NixTe buffers 

such as NiTe2 have been reported to reduce the back contact resistance by Dobson et al 

[86, 87].  In their experiments, they used electroless plating method and controlled the 

concentration of reactants to deposit Ni or NiTe2. The formation of Ni3Te2 instead of 

NiTe2 is observed in our annealing process, probably because of the totally different 

deposition method and the different deposition temperatures applied. Ni3Te2 is 

speculated to be the reason for the back contact improvement for the Ni-only cell (Figure 

5.2a). 
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During the thermal stress test, the reaction between Ni and CdTe will not only 

result in the back contact improvement (NixTe) but CdTe bulk degradation. Kaufmann et 

al. reported that Ni can replace Cd in the CdTe lattice, forming NiCd
+ in the film, which 

has been identified as a 3d deep acceptor to compensate the p-type shallow doping in 

CdTe [88].  The degradation in the CdTe bulk is proposed for the degradation in the Voc 

of the Ni-only cell.  Further explanations can be found through the following energy 

diagrams. 

5.1.5. Proposed Energy Diagrams 

The evolution of solar cell device performances is explained by the proposed 

energy diagram shown in Figure 5.9.  Here CdS and CdTe show highly n-type and highly 

p-type properties, respectively.  For the as-made Ni-only cell (left part of Figure 5.8a), 

Voc is determined by the built-in potential (Vbi) of the n-CdS/p-CdTe heterojunction, 

although a Schottky barrier contact is formed at the p-CdTe/Ni interface due to the work 

function mismatch between p-CdTe (5.7 eV [11]) and Ni (5.1 eV [89]). 

When the thermal treatment is applied, significant changes are expected in the 

energy diagram. On one hand, Ni diffuses into CdTe and abstracts Te from CdTe, 

forming a NixTe interfacial layer [46, 85], which reduces the width of the Schottky 

barrier junction at the back contact.  On the other hand, Ni will replace Cd in the bulk of 

CdTe, leading to the formation of NiCd
+ [88].  This species has been identified as a deep 

acceptor with an energy level of Ev+1.0 eV [88] and will compensate the p-type doping 
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in CdTe and reduce Vbi.  This explains the decreased Voc observed with the thermal 

stress. 

With the application of a layer of MoOx buffer between CdTe and Ni (Figure 

5.9b), back contact barrier totally disappear because of the high work function of MoOx 

(6.32~6.49 eV [67]). Also, MoOx works as a diffusion barrier to stop Ni from diffusing 

in and reacting with CdTe. Therefore, no change in the electrical property of the CdTe is 

expected. That is the explanation for the improvement in the stability of Voc.  During the 

annealing process, Ni may react with MoOx, resulting in the formation of NiOy [67], 

which is believed to result in the increase of back contact resistance and the decrease of 

FF observed in Figure 5.3a. 



79 

 

 

Figure 5.9. Proposed energy diagram of n-CdS/p-CdTe solar cells with (a) Ni-only and 

with (b) MoOx/Ni contacts before and after the thermal stress test. 

5.2. Stability of Back Electrode 

Besides diffusion of the metal into CdTe films, the electrode can also affect the 

back contact stability. In this section, the thermal stability of cells with MoOx buffer and 

with various metals is studied.  It is found that thermal stability of the cells is critically 

determined by the properties of the metals, in particular the reactivity of metal with 

MoOx.  Cells with MoOx buffers and with various metals including Ni, Mo, Cr and Al as 
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electrodes were fabricated, followed by a thermal stress test at 200 oC for up to 19.0 hr.  

The evolution of the cell performance parameters is plotted in Figure 5.10.  The changes 

in the efficiency and series resistance of each type of cell following an annealing duration 

of 19 hours are summarized in Table 5.2.  Regardless of the metal electrode, the rate of 

cell degradation appears to be the fastest in the first 4.5 hr, after which the rate is almost 

zero.  The cells with Ni and Mo electrodes are the most stable, with a decrease in 

efficiency of 13.5% and 16.9%, respectively.  In contrast, the cell with Al electrode is the 

least stable, showing a degradation of 63.2% in efficiency along with a large increase in 

the series resistance.  In all cases, the cell degradation is associated with the development 

of the roll-over behavior.  The J-V curves of these cells are shown in Figure 5.11. 

The development of roll-over behaviors can be attributed to the reactivity of the 

back contact metal with the MoOx buffer.  Such a reaction will result in the partial 

reduction of MoOx and a lowering of its work function.  Therefore the effectiveness of 

MoOx as a high work function buffer would be compromised.   
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Figure 5.10. Evolution of cell performance parameters during the thermal annealing test: 

(a) efficiency, (b) short-circuit current density, (c) open-circuit voltage, and (d) fill factor. 
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Figure 5.11. J-V characteristics for cells before and after thermal annealing tests. The 

contact electrodes for each cell in the figures are: (a) Ni, (b) Mo, (c) Cr, and (d) Al. 
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Table 5.2. Efficiencies (η) and series resistance (Rs) for cells before and after thermal 

annealing test. 

  Ni Mo Cr Al 

η Before annealing (%) 12.6 12.4 11.3 12.5 
After annealing (%) 10.9 10.3 7.8 4.6 
Change (%) -13.5 -16.9 -31.0 -63.2 

Rs 
Before annealing (Ω∙cm2) 4.5 4.7 7.3 4.8 
After annealing (Ω∙cm2) 9.1 9.5 16.3 129.7 
Change (%) +102.2 +102.1 +123.3 +2602.1 

 

Table 5.3. Properties of metals applied to CdTe/MoOx films and the associated device 

performance parameters.  The properties include work function (Φm), possible metal 

oxides (MxOy) and standard enthalpy of formation of the metal oxides.  

Metal Φm (eV) MxOy 
ΔHf of MxOy 
(kJ/mol) 

Ni 5.04~5.35 Ni2O3 -489.5 
Mo 4.36~4.95 MoO3 -745.1 
Cr 4.5 Cr2O3 -1139.7 
Al 4.06~4.26 Al2O3 -1675.7 

 

In addition to the reduction of MoOx, the reaction between MoOx and the metal 

electrode will also lead to the formation of a layer of insulating metal oxides between 

MoOx and the metal electrode (MxOy in Table 5.3), which is regarded as another reason 

for the increase in the series resistance and the decrease in efficiency. To characterize 

how easily the MxOy forms, we use a thermodynamic parameter, ΔHf of MxOy. For 

instance, the severe instability associated with the Al back contact can be related to its 
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large standard enthalpy of formation of Al2O3 (-1675.7 kJ/mol) compared to that of 

MoO3 (-745.1 kJ/mol), favoring the abstraction of oxygen from MoOx in contact with Al.  

This explains why the cell with Al shows much stronger roll-over behavior compared to 

the other cells.  Likewise, the cells with Ni and Mo are most stable, which is consistent 

with the much lower ΔHf of their oxides. To confirm that metal oxide increases the back 

contact resistance, a high resistivity inter-layer was introduced between MoOx and the 

metal electrode. The experiments are shown below. 

  A layer of AlxOy was deposited between the MoOx buffer and Al electrode in the 

back contact.  AlxOy was deposited with a reactive sputtering method (100W, 5 mTorr, 

20% O2, 3.3 nm/min).  The thickness of the layer was varied from 0 to 10 nm.  The J-V 

characteristics and device performance of cells with MoOx(40nm)/AlxOy/Al(200nm) as 

the back contact are sensitive to the thickness of AlxOy (Figure 5.12).  Obvious roll-over 

behavior develops as the thickness of AlxOy increases, suggesting that the metal oxide 

layer indeed introduces high resistance in the cell and blocks charge collection at the 

back contact. To minimize the reaction between MoOx and the metal electrode, it is 

essential to apply relatively inert metals such as Ni and Mo as the electrode. 



85 

 

 

Figure 5.12. J-V characteristics of CdTe solar cells with the back contact formation of 

MoOx(40nm)/AlxOy/Al(200nm). 

5.3. Conclusion 

In conclusion, the stability of solar cells with MoOx buffer was studied.  In the 

CdTe cell with Ni-only electrode, thermal stress accelerates the Ni diffusion in CdTe and 

promotes the reaction between Ni and CdTe. This results in the formation of deep 

acceptors and recombination centers in CdTe. Therefore, shallow p-type doping level in 

CdTe is significantly reduced; cell performance, especially the Voc, degrades quickly. 

Applying a layer of MoOx as a diffusion buffer between Ni and CdTe significantly 

retards the diffusion of Ni into CdTe and minimizes the reaction between Ni and CdTe. 

Therefore, the electrical properties of CdTe keep are stable, and the device stability 

especially the stability of Voc is significantly improved. 
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However, the cells with MoOx buffer also show some degradation during the 

thermal stress tests. The device degradation rate is highly dependent on the reactivity of 

the metal electrode.  The cells with low work function metals such as Al show higher 

degradation rates than the cells with high work function metals such as Ni and Mo. The 

oxidation of the metal electrode is therefore proposed to be another back contact 

degradation mechanism. High efficiency solar cells are obtained with the back contact 

formation of MoOx/Ni.  
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CHAPTER 6 

CONCLUSIONS AND FUTURE RESEARCH 

 

The objective of this dissertation is to utilize a non-solution approach for making 

a low-resistance back contact to thin film CdTe solar cells.  My research efforts were 

focused on the development of MoOx thin film as the buffer layer, investigation of the 

electronic properties of CdTe surfaces, including CdTe/Ni, through surface analysis, and 

the study of MoOx as a metal diffusion barrier.  

First, I found that the efficiency of CdS/CdTe thin film solar cells is significantly 

improved through the utilization of MoOx as a high work function back contact buffer 

layer.  To achieve an ohmic contact, however, it is necessary to remove the surface 

residues from the CdTe surface and to use thermal evaporation for the deposition of the 

MoOx film.  The formation of a low-resistance contact can only be realized with 

thermally evaporated MoOx, which has a more stoichiometric composition and a higher 

work function than Ar- sputtered MoOx. With MoOx as the back contact buffer, various 

metals with different work functions can be used as the back contact electrode to achieve 

relatively high efficiencies. As a dry back contacting method, MoOx is especially useful 

for making high efficiency ultra-thin CdTe cells because it avoids the shorting issue 

associated with the solution etching process. 
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Second, the mechanism by which the application of a MoOx buffer improves 

device performance was investigated.  XPS and UPS analyses show that in the absence 

of a MoOx buffer layer, the initial nickel deposition reduces the tellurium oxide content 

on the surface of CdTe, thus reducing the surface work function and rendering the 

contact to be non-ohmic. In contrast, the presence of a high work function MoOx buffer 

layer causes the tellurium oxide content to remain largely intact underneath the MoOx 

layer, avoiding unfavorable reactions occurring at the CdTe/Ni interface.  

Third, I characterized the reliability of the cells fabricated with MoOx buffers and 

proposed two device degradation mechanisms related to the MoOx buffer. First, MoOx 

buffer significantly retards the diffusion of Ni into the CdTe thin film during thermal 

stress. Second, MoOx reacts with the metal electrode, resulting in a reduction of MoOx 

and an increase in the contact resistance. Highly efficient and stable back contact is 

realized with metals having low reactivity with oxygen, such as Ni. 

In conclusion, I have demonstrated for the first time that MoOx can be used as a 

low-resistance and stable back contact to p-CdTe.  

Future research on MoOx and other TMO buffers will help further improve device 

performance and stability, including: 

(1) Explore alternative CdTe surface cleaning process. As discussed in section 

3.1, CdTe surface cleaning is necessary to avoid the roll-over behavior. Without this 

cleaning process, the work function of MoOx may be reduced due to the contamination of 

Cd3Cl2O2 remnants from VCC treatment. To complete the cell fabrication with an all-dry 
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process, a water rinse step should be avoided. One possibility is to reduce the surface 

oxide with plasma treatment. This treatment can be carried out in different reactive or 

non-reactive ambiences including Ar, O2, or H2.  In particular, H2 plasma treatment is 

expected to reduce Cd3Cl2O2 to CdCl2, making the surface residue volatile.  By 

combining H2 plasma and thermal annealing processes, I expect to find an all-dry back 

contacting method. 

(2) Study the device performance and the stability of the cells with different 

TMOs as back contact buffers.  Besides MoOx, I have experimented with other transition 

metal oxides including WO3 and V2O5 as back contact buffers to p-CdTe. As discussed 

in section 3.7, my preliminary research shows that devices with these three TMO buffers 

show similar performances.  However, no further studies on the stability of these back 

contact buffers have been carried out.  Future work will include investigation of the 

stability of cells with various TMO films as back contact buffers.  As discussed in section 

5.2, the degradation for cells with MoOx buffer is controlled by the reaction between the 

metal electrode and the oxygen in MoOx. Different TMO materials may have different 

reactivity under the stress tests, such as light soaking and thermal annealing. Studying the 

stability of cells with different back contact buffers will help understand the back contact 

degradation mechanism associated with TMO buffers. 

(3) Compare TMO with other known back contact formations. Besides TMOs, 

other metal telluride back contact buffers including CuxTe, ZnTe, and Sb2Te3 have also 

been reported to produce CdTe solar cells with low resistance. Ultimately, different back 
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contact buffers should be compared with respect to cell efficiency and device stability, 

aiming at engineering the optimal back contact formation. Furthermore, understanding 

the physics of these different back contact buffers is fundamentally important for 

improving the efficiency of CdTe solar cells beyond the current level. Exploration of a 

barrier-free back contact can significantly increase the open-circuit voltage and the cell 

efficiency [9].   

 (4) Study the degradation mechanisms related to Ni diffusion. In chapter 5, we 

observed the increase of reverse saturation current (J0) and the development of cross-over 

on the photo/dark J-V characteristics, indicating that the CdTe layer becomes more 

photoconductive with thermal annealing. The possible reasons are: (a) diffusion of Ni 

into the bulk CdTe, forming compensating defects that lower the p-type doping level in 

CdTe, and (b) diffusion of Ni through grain boundary to the CdS/CdTe interface, 

resulting in the formation of charge recombination centers in n-CdS/p-CdTe 

heterojunction that can increase the shunt current. 

 For (a), capacitance-voltage (C-V) measurement can be used to characterize the 

evolution of effective doping level in CdTe with thermal stress test. Kaufman et al [88] 

proposed that Ni can replace Cd in CdTe lattice, forming NiCd
+ deep acceptor. C-V 

measurements can reveal the evolution of carrier density with annealing.    

 For (b), more accurate surface analysis method should be applied to characterize 

the diffusion of Ni. Although EDX measurements already show that a significant amount 

of Ni diffuses into the topmost CdTe layer (1~1.5 μm in depth) after 19.0 hr thermal 
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annealing, it is not clear whether Ni has already reached the CdS layer due to the 

detection limit of EDX. Other characterization methods such as secondary ion mass 

spectrometry (SIMS) may be more applicable for analyzing the Ni depth profile in CdTe.  

SIMS has been used successfully to characterize the Cu diffusion in CdTe solar cells 

[41].  
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